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ABSTRACT 

The Saccharomyces cerevisiae Shu complex, con- 
sisting of Shu1, Shu2, Csm2 and Psy3, promotes 
error-free homologous recombination (HR) by an 
unknown mechanism. Recent structural analysis of 
two Shu proteins, Csm2 and Psy3, has revealed 
that these proteins are Rad51 paralogues and 
mediate DNA binding of this complex. We show 
in vitro that the Csm2-Psy3 heterodimer preferen- 
tially binds synthetic forked DNA or 3-DNA 
overhang substrates resembling structures used 
during HR in vivo. We find that Csm2 interacts with 
Rad51 and the Rad51 paralogues, the Rad55-Rad57 
heterodimer and that the Shu complex functions in 
the same epistasis group as Rad55-Rad57. 
Importantly, Csm2's interaction with Rad51 is de- 
pendent on Rad55, whereas Csm2's interaction with 
Rad55 occurs independently of Rad51. Consistent 
with the Shu complex containing Rad51 paralogues, 
the methyl methanesulphonate sensitivity of Csm2 is 
exacerbated at colder temperatures. Furthermore, 
Csm2 and Psy3 are needed for efficient recruitment 
of Rad55 to DNA repair foci after DNA damage. 
Finally, we observe that the Shu complex preferen- 
tially promotes Rad51 -dependent homologous re- 
combination over Rad51 -independent repair. Our 
data suggest a model in which Csm2-Psy3 recruit 
the Shu complex to HR substrates, where it interacts 
with Rad51 through Rad55-Rad57 to stimulate Rad51 
filament assembly and stability, promoting error-free 
repair. 



INTRODUCTION 

DNA double-strand breaks (DSBs) are cytotoxic lesions 
whose improper repair can lead to mutations, genomic 
rearrangements or cell death. Faced with a DSB, eukary- 
otic cells can differentially use non-homologous end- 
joining or homologous recombination (HR) to repair the 
lesion. Misregulation of these pathways is both a hallmark 
of, and a driving force behind, cancer development. 
Recent work in the budding yeast Saccharomyces 
cerevisiae has characterized a novel regulator of HR, the 
Shu complex, which is also conserved in humans (1-3). 
Loss of the Shu complex leads to misregulation of HR, 
resulting in a higher mutation rate and increased genome 
rearrangements (1^1). Therefore, the Shu complex is likely 
an important regulator to suppress the chromosomal re- 
arrangements and mutations observed in tumour cells, 
although the mechanism is largely unknown. 

In budding yeast, the primary method of repairing a 
DSB is through Rad51 -mediated HR [reviewed in (5,6)]. 
After recognition of a DSB by the cell, the 5'-end of the 
break is resected leading to 3' single-stranded DNA 
(ssDNA) overhangs that are coated by the ssDNA- 
binding complex replication protein A (RPA). RPA on 
the nucleoprotein filament is displaced by Rad51 in a 
Rad52-dependent fashion. Formation of the Rad51 nu- 
cleoprotein filament is required for the homology search 
and strand invasion steps of HR. Resolution of the HR 
intermediates can be achieved through a multistep process 
leading to either crossover or non-crossover products. 

As formation of the Rad51 filament is essential for all 
recombination events that require strand invasion, Rad51 
loading onto the DNA is tightly regulated. Srs2 is a DNA 
helicase referred to as an 'anti-recombinase', as it 
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functions to destabilize Rad51 filaments by translocating 
along ssDNA mediating Rad51 removal from 3'-DNA 
overhangs (7,8). Additional proteins promote Rad51 
filament formation, for example, Rad52, which displaces 
RPA to facilitate Rad51 loading (9,10). At the same time, 
the Rad51 paralogues, the heterodimer Rad55-Rad57, in- 
tegrate into and stabilize the Rad51 filament, block the 
progression of Srs2 and allow improved Rad51 nucleation 
and elongation (11-15). Failure to form Rad51 filaments 
shifts repair of DSBs away from HR towards Rad51- 
independent repair pathways, such as single-strand an- 
nealing (SSA) (16-18). In SSA, the ends of a break are 
resected to reveal distal homologous stretches of DNA 
that base pair to one another, a process that can result 
in the loss of the intervening genetic sequences. 

The Shu complex, comprises Shul, Shu2, Csm2 and 
Psy3, was previously identified in a genetic screen to 
identify mutants that suppress the slow growth phenotype 
of top3A mutants (2). Further analysis revealed that the 
Shu complex promotes Rad51 -dependent HR (19,20). 
Interestingly, it was found in Schizosaccharomyces 
pombe that the Shu2 homologue, Swsl, physically inter- 
acts with Srs2, and that loss of the Shu complex suppresses 
the camptothecin-sensitivity of srs2A cells (1). More 
recently, it was demonstrated in 5. cerevisiae that the 
Shu complex suppresses Srs2 recruitment to DSBs (20). 
This suggests a model whereby the Shu complex 
promotes Rad51 -dependent HR by inhibiting the 
anti-recombinase Srs2. 

Sequence homology between the Shu complex proteins, 
Shul and Psy3, and the human RAD51 paralogues, 
XRCC2 and RAD51D, respectively, has suggested that 
this yeast complex is composed of additional Rad51 
paralogues (1). Consistent with this hypothesis, recent 
structural information has revealed that both Psy3 and 
Csm2 adopt a similar a-(3 sandwich fold structurally hom- 
ologous to the ATPase core domain of Rad51 and RecA 
(21,22). Two independent crystallization studies demon- 
strate that the Shu complex is able to bind to DNA 
through the activity of the L2 loops in Psy3 and Csm2 
(21,22). Importantly, Shul and Shu2 are dispensable for 
DNA binding in vitro, suggesting that recruitment of the 
Shu complex to DNA is mediated by Psy3 and Csm2 
under endogenous conditions (22). However, both 
studies analysed the DNA-binding capability of the Shu 
complex for either ssDNA or dsDNA substrates, both of 
which are not the DNA structures typically used during 
HR; therefore, the biological substrates for these proteins 
are currently unclear. Additionally, it remains unknown 
whether the Shu complex functions similarly to the other 
Rad51 paralogues, Rad55 and Rad57, which are 
incorporated into the Rad51 filament to mediate Rad51 
filament nucleation and elongation. 

Here, we show that the Shu complex acts during DSB 
repair, shifting the balance towards error-free DNA repair 
through gene conversion (GC) and away from other 
error-prone repair pathways, such as SSA. We report 
that similar to the other Rad51 paralogues, Csm2 interacts 
with Rad51, as well as Rad55 and Rad57, and functions 
epistatically to Rad55-Rad57. Csm2's interaction with 
Rad51 is dependent on the presence of Rad55; however, 



Csm2 , s interaction with Rad55 occurs independently of 
Rad51. Interestingly, we show by fluorescent microscopy 
that loss of the Shu complex results in impaired Rad55 
focus formation, indicating that Csm2 and Psy3 are 
needed for efficient recruitment of Rad55 to DSB sites. 
Finally, we find that the loss of the Shu complex alters 
the balance of HR outcomes away from the Rad51- 
dependent GC and towards the Rad51 -independent SSA 
pathway. Together our work describes a model whereby 
the Shu complex, controlled by the DNA-binding activity 
of the Csm2 and Psy3 heterodimer, interacts with the 
Rad51 filament to stabilize it. 

MATERIALS AND METHODS 

Strains, plasmids and media 

The strains used in this study are listed in Supplementary 
Table S 1 and are isogenic with W303 and derived from the 
RAD 5+ strains W1588-4C and W5909-1B (23,24), except 
for PJ69-4A and PJ69-4a strains used during the 
yeast-2-hybrid experiments (25). Standard protocols were 
used for crosses, tetrad dissection and yeast transform- 
ation (LiOAc method) (26). The media was prepared as 
described, except with twice the amount of leucine (26). 

Co-purification of Csm2 and Psy3 

Full-length S. cerevisiae Csm2 and Psy3 were amplified 
from genomic DNA by polymerase chain reaction and 
cloned into the bacterial co-expression plasmid pCDF 
Duet-1 (cloning described in Supplementary Table SI; 
EMD Millipore). Protein expression was performed 
in Escherichia coli BL21 (DE3) Codon+(pRIL) via 
isopropylthio-beta-galatosidase (IPTG) induction. Cells 
were harvested by centrifugation, lysed in 20 mM Tris 
(pH 8.0), 300 mM NaCl, 10% glycerol, 5mM imidazole 
and 1 mM P-mercaptoethanol and the lysates cleared by 
centrifugation at 30 OOOg. Csm2 and Psy3 were co-purified 
by nickel affinity chromatography (Qiagen) via the His 6 - 
tag on Csm2, followed by an overnight digestion with 
tobacco etch virus (TEV). The Csm2-Psy3 complex was 
then further purified using HiTrap Heparin HP (GE 
Healthcare) affinity chromatography and size-exclusion 
chromatography using a Sephacryl S-200 column (GE 
Healthcare) with peak fractions eluting as an apparent 
heterodimer verified by sodium dodecyl sulphate-poly- 
acrylamide gel electrophoresis. The peak fractions were 
dialysed into a buffer containing 20 mM Tris (pH 8.0), 
300 mM NaCl, 8% glycerol and ImM dithiothreitol and 
concentrated to 1.6mg/ml using a Vivaspin concentrator 
(Millipore). 

Fluorescence anisotropy assays for DNA binding 

The basic protocol and mathematical rationale for this 
technique is outlined in Hey et al. (27). All experiments 
were performed using a Cary Eclipse Fluorescence 
Spectrophotometer (Varian) fitted with a peltier 
thermostatted multicell holder and automated polarizer. 
Fluorescent anisotropy/polarization measurements were 
collected with the excitation wavelength of 498 nm 
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(slit-width 5nm) and the emission wavelength at 520 nm 
(slit-width 5nm), with a photomultiplier tube voltage of 
780 V. Reactions were carried out at 30°C in a standard 
reaction buffer (20 mM Tris, pH 8, and 100 mM NaCl) 
with a total volume of 400 ul. A fluorescein-labelled 
DNA fork substrate (Table 1) was used in each of the 
experiments. Purified Csm2-Psy3 was titrated into the 
reaction volume to the indicated concentration and 
allowed 7.5 min for equilibration before the anisotropy 
measurement. Protein was titrated until the anisotropy 
signal plateaued, indicating saturation of the labelled 
probe. The K d and Hill coefficient were calculated in 
PRISM (GraphPad) using a global non-linear regression 
from the three Csm2-Psy3 binding isotherms shown in 
Figure IB. For the competition curves, fluorescence ex- 
periments were carried out with 25 nM fluorescein-labelled 
DNA fork and 546.6 nM Csm2-Psy3. The unlabelled 
competitors (Table 1) were added at increasing concentra- 
tions and allowed 7.5 min equilibration time before each 
measurement. Unlabelled DNA probe was added until 
polarized fluorescence stabilized, indicating saturation of 
the reaction with unlabelled DNA probe. Experiments 
were done in triplicate. The apparent Kj for each competi- 
tor was calculated in PRISM using a non-linear regression 
assuming a single-binding site, which is consistent with 
our electrophoretic mobility shift assays (EMSA) results 
(Supplementary Figure SI). 

Yeast two-hybrids 

The yeast two-hybrid plasmid pGAD was used to express 
a fusion of GAL4-activation domain, and pGBD was used 
to express a fusion of the GAL4 DNA-binding domain. 
The pGBD expressing plasmids (Csm2, Psy3 and empty 
vector) were transformed into PJ69-4A (25) or PJ69-4A, 
where the endogenous RAD51 or RAD55 was deleted, and 
positive colonies were selected on synthetic complete 
without tryptophane (SC-TRP) medium. The pGAD ex- 
pressing plasmids (Rad55, Rad57 and Rad51) were trans- 
formed in PJ69-4a (25) or PJ69-4a, where the endogenous 
RAD51 or RAD55 was deleted, and recombinants were 
selected on SC-LEU medium. PJ69-4A and PJ69-4oc 
haploid yeast cells harbouring their respective plasmids 
were mated, and diploids were selected on SC-LEU-TRP 
solid medium. Individual diploid cells were grown to early 
log phase OD 600 0.2, and then 5 ul was spotted onto 



medium to select for the plasmids (SC-LEU-TRP) or 
onto medium to select for expression of the reporter 
HIS3 gene (SC-LEU-TRP-HIS), indicating a yeast two- 
hybrid interaction. Plates were incubated for 2 days at 
30°C and subsequently photographed. Each experiment 
was done in triplicate. 

Serial dilutions 

The indicated strains were grown to early log phase, 
diluted to an OD 600 of 0.2 and subsequently 5-fold 
serially diluted onto rich medium or rich medium 
exposed to 70 Gy or 0.006% methyl methanesulphonate 
(MMS) and incubated for 2 days at either 23°C or 30°C. 

Fluorescent microscopy 

Cells were grown overnight at 30°C in 3-ml cultures of SC 
with adenine (100mg/l) and harvested for microscopy as 
previously described (28). A yellow fluorescent protein 
(YFP)-Rad55 integrated at its endogenous locus was 
introduced by mating into wild-type (WT), csmlA and 
psy3A cells and was visualized before and after 40 Gy of 
ionizing radiation (20, 60, 120 and 240 min) using a Nikon 
TiE inverted live cell system with a lOOx oil immersion 
objective (1.45 numerical aperture) with a Photometries 
HQ2 camera and motorized Prior Z-stage. Stacks of 11 
0.3-um sections were captured using the following 
exposure times: differential interference contrast (60 ms) 
and YFP-Rad55 (4000 ms). The images were deconvolved 
using Elements imaging software (Nikon). All images were 
processed and enhanced identically, and experiments were 
performed in triplicate with 300-500 total cells analysed. 

Mitotic recombination assays 

Mitotic recombination rates were calculated from 
haploid cells with the indicated mutations and the 
/ew2-AEcoRI.v[/i?v43.\7eM2-ABstEII direct repeat recom- 
bination assay as described previously (29). SSA recom- 
binants were measured as Leu+ Ura— colonies, and GC 
events were measured as Leu+ Ura+ colonies. For each 
genotype, nine individual colonies were analysed, and the 
experiment was performed in triplicate. The average 
mitotic recombination rate and standard deviation was 
calculated as described by Lea and Coulson (30). 



Table 1. Sequences of the DNA substrates used in Figure IB, Figure 1C, and Supplemental Figure SI 



DNA substrate Sequence 



Single stranded 


3' 


-GACGCTCGAGCTTAAGTGACCTCACTGGAG-5' 




dsDNA 


5' 


- CTGCGAGCTCGAATTCACTGGAGTGACCTC - 3 ' 






3' 


-GACGCTCGAGCTTAAGTGACCTCACTGGAG-5' 




5'-overhang 


5' 


-TCAAAGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACCTC- 


3' 




3' 


-GACGCTCGAGCTTAAGTGACCTCACTGGAG-5' 




3'-overhang 


5' 


- CTGCGAGCTCGAATTCACTGGAGTGACCTC - 3 ' 






3' 


-AGTTTCAGTGCTGGATCTGTGACGCTCGAGCTTAAGTGACCTCACTGGAG- 


5' 


Fork 3 


5' 


_ TTTTTTTTTTTTTTTTTTTTCTTGACAAGCTTGCGCACT - 3 ' 






3' 


_ TTTTTTTTTTTTTTTTCACGGAACTGTTCGAACGCGTGA- 5 ' 





a The fluorescein-labelled fork is identical to the fork substrate with a single-fluorescein molecule attached to the 3'-end of the top 
strand. 
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Figure 1. The Csm2 and Psy3 heterodimer preferentially bind forked 
and 3'-overhang DNA substrates. (A) Csm2-Psy3 was purified using 
the schematic presented using the conditions outlined in the 'Materials 
and Methods' section. Coomasie stained Csm2-Psy3 heterodimer 
(2.4 ug) is shown. Csm2 is 25 kDa and Psy3 is 28 kDa. (B) The 
Csm2-Psy3 heterodimer was assayed for DNA binding. Increasing con- 
centrations of Csm2-Psy3 were added to a reaction mixture containing 
25 nM fluorescein-labelled DNA fork in a fluorescence spectrophotom- 
eter. The binding isotherm was performed on three separate days, and 
each data set is shown. These data were fit using a global non-linear 
regression to obtain the Kj and a Hill coefficient. (C) Complexes of 
Csm2-Psy3 bound to a fluorescein-labelled fork substrate were 
pre-assembled as described. Fluorescence anisotropy was then 
measured with increasing concentrations of the indicated unlabelled 
competitors. Competition curves were fit using non-linear regression 
to calculate the apparent Kj. The experiment was done in triplicate, 
and standard deviations were plotted. 



RESULTS 

Csm2 and Psy3 preferentially bind forked and 
3' -overhang DNA substrates 

Recently, the co-structure of two Shu complex members, 
Csm2 and Psy3, has been solved, and biochemical analysis 
has revealed that the heterodimer of Csm2 and Psy3 is re- 
sponsible for binding of the Shu complex to DNA in vitro 
(21,22). However, the preferred physiological DNA sub- 
strates for these proteins are yet to be identified. To under- 
stand the function of the Shu complex during HR, we 
sought to characterize the preferred DNA substrates for 
these proteins. First, we co-purified Csm2 and Psy3 as a 
1:1 heterodimer to homogeneity (Figure 1A). As the Shu 
complex was previously found to function during 
post-replicative repair (31), we first examined the ability of 
a Csm2-Psy3 complex to bind a forked DNA substrate. To 
accomplish this, Csm2-Psy3 complex was titrated against a 
fluorescein-labelled forked DNA substrate (Table 1) and 
binding measured by fluorescence anisotropy (Figure IB). 
The binding seemed to be co-operative, and from these data, 
we calculated an equilibrium dissociation constant, K d , of 
360.8 ± 10.9 nM, with a Hill coefficient of 2.3 (Figure IB). 

To define the best binding substrate for the Csm2-Psy3 
heterodimer, we compared the ability of the unlabelled sub- 
strates illustrated in Table 1 to compete for binding to a 
pre-assembled labelled fork by EMSA. In this assay, effect- 
ive competition is monitored as a decrease in the amount of 
labelled DNA in complex with Csm2-Psy3 and an increase 
in the observed unbound free-labelled fork. We find that the 
forked DNA and, to a lesser extent, the 3' -overhang sub- 
strate are the best DNA-binding competitors for Csm2-Psy3 
(Supplementary Figure SI). To better quantitate these 
results, we examined the substrates for their ability to 
compete for Csm2-Psy3 binding against the fluorescein- 
labelled fork by fluorescence anisotropy. We added sufficient 
Csm2-Psy3 protein to obtain ~50% binding to the fluore- 
scently labelled fork substrate, followed by titration with 
unlabelled DNA competitors, including ssDNA, double- 
stranded DNA (dsDNA), 5'-DNA overhang, 3'-DNA over- 
hang or a forked DNA substrate (Table 1 and Figure 1C). 
Our results show that the forked DNA substrate, and to a 
lesser extent the 3' DNA overhang, effectively competes for 
Csm2-Psy3 binding (Figure 1C). Calculation of apparent K,s 
for each competitor indicates that forked and 3' -overhang 
DNA compete the best, consistent with results obtained by 
EMSA. The 5'-overhang DNA substrate, which does not 
compete by EMSA, has a small but measurable difference 
in this assay. In contrast, both the dsDNA and ssDNA sub- 
strates are comparatively poor competitors (Figure 1C). 
Importantly, forked DNA and 3' -overhangs are DNA struc- 
tures used by the homologous recombination pathway. 
Together our results show that the Csm2-Psy3 complex 
can specifically recognize and bind DNA substrates used 
by the homologous recombination pathway. 

Csm2 interacts with Rad51 through the Rad51 paralogues 
Rad55-Rad57 

Two of the human components of the Shu complex, 
XRCC2 and RAD51D, are RAD 51 paralogues, which 
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are proteins that have structural similarity to RAD 51 
(1,32). Consistent with this rinding, the crystal structure 
of the yeast Shu proteins, Csm2 and Psy3, also reveal 
structural similarity to Rad51 (21,22). These results 
strongly suggest that, like the mammalian Shu complex, 
Csm2 and Psy3 are also Rad51 paralogues. Other 
Rad51 paralogues in yeast, such as the Rad55-Rad57 
heterodimer, are incorporated into the Rad51 filament, 
thus stabilizing and promoting Rad51 filament formation 
and elongation (1 1-14). As Csm2 and Psy3 bind to similar 
DNA substrates used by Rad51 during HR, we assessed 
whether they could interact with Rad51 or the other 
Rad51 paralogues, Rad55 or Rad57, by yeast two-hybrid. 
We obtained plasmids harbouring fusions of the GAL4 
activation domain with RAD51, RAD55 or RAD 57 
(pGAD) or of the G/lL^-DNA-binding domain with 
PSY3 or CSM2 (pGBD) (Figure 2). Growth of yeast 
cells transformed with the respective combination of 
plasmids was assessed on medium lacking leucine and 
tryptophan (control) or additionally lacking histidine 
(interaction). Using this assay, we observe that Csm2 
interacts with both Rad51 and Rad55, as well as weakly 
with Rad57 (Figure 2A). In contrast, Psy3 does not 
interact with Rad51, Rad55 or Rad57 by yeast two-hybrid 
(Figure 2A). To determine whether Rad51 mediates the 
interaction between Csm2 and Rad55, we repeated the 
yeast two-hybrid assay in cells where RAD51 is deleted. 
In the absence of Rad51, Csm2 and Rad55 still interact by 
yeast two-hybrid (Figure 2B). In contrast, in a reciprocal 
experiment where RAD55 is deleted, we no longer detect a 
yeast two-hybrid interaction between Csm2 and Rad51 
(Figure 2B). Therefore, Csm2's interaction with Rad55 




rad51A rad55A 



Figure 2. Csm2"s physical interaction by yeast two-hybrid with Rad51 
is mediated by Rad55-Rad57. (A) Csm2 or Psy3 cloned into the pGBD 
plasmid (containing a GAL4-binding domain) was assayed for inter- 
action with Rad55, Rad57 or Rad51, which were individually cloned 
into the pGAD (containing a GAL4-activating domain), by yeast 
two-hybrid. Growth on minimal medium lacking histidine indicates a 
yeast two-hybrid interaction, as HIS3 is the downstream reporter gene 
activated by interaction between the queried plasmids (interaction). 
Equal cell plating was determined by growth on minimal media 
lacking leucine and tryptophan, which selects for the two plasmids 
(loading control). (B) Csm2 and Rad51 or Csm2 and Rad55 yeast 
two-hybrid interactions were analysed in strains where RAD55 or 
RAD51 were, respectively, disrupted as described in (A). 



occurs independently of Rad51, but Csm2's interaction 
with Rad51 is likely dependent on Rad55. Furthermore, 
these results are consistent with the model that Csm2 
mediates binding of the Shu complex to DNA perhaps 
through its physical interaction with the Rad51 paralogue 
Rad55. 

The Shu complex and Rad55-Rad57 function in the same 
epistasis group 

Similar to other Rad51 paralogues, we find that Csm2 
interacts with Rad51. Therefore, we asked whether 
Csm2 functions in the same epistasis group as Rad55- 
Rad57. To address this question, we compared csmlA 
and rad55A single and double mutants for sensitivity 
to DNA damaging agents, such as MMS (a DNA 
alkylating agent) or ionizing radiation (IR, which 
induces DSBs) (Figure 3A). As rad55A cells were previ- 
ously found to be cold sensitive, we analysed these 
mutants for growth at both 23°C and 30°C (33,34) 
(Figure 3A). We observe that both rad55A single mutant 
and rad55A csmlA double mutants are equally sensitive to 
both MMS and IR treatments when compared with WT 
or a csm2A single mutant, suggesting that Rad55 is epi- 
static to Csm2 with respect to DNA damage (Figure 3A). 
These results show that Rad55 and Csm2 likely function 
in the same epistasis group. Interestingly, csm2A cells were 
only sensitive to 0.006% MMS at lower temperatures 
(Figure 3A; 23°C panel), suggesting that like Rad55- 
Rad57, the Shu complex is likely involved in formation 
or stabilization of a larger complex (33,34). 

Csm2 is necessary for efficient recruitment of Rad55 to 
DNA damage sites 

As Csm2 and Rad55 function in the same epistasis group 
in response to DNA damaging agents, we wondered 
whether Csm2 or Psy3 would be necessary for Rad55 
recruitment to DSB sites. We analysed cells with 
fluorescently tagged Rad55 (YFP-Rad55) for formation 
of fluorescent foci, which indicates their redistribution to a 
DNA damage site, before and after exposure to IR 
(Figure 3B and C). In WT cells, we observe a Rad55 
focus in 1.5% of cells before DNA damage (untreated). 
Twenty minutes after IR treatment, WT strains exhibit an 
increase in the percentage of cells with a Rad55 focus to 
12.9% peaking after 60 min at 17.9% (Figure 3B and C). 
Subsequently, fewer Rad55 foci are observed, likely 
indicating resolution of the IR-induced DNA breaks. In 
contrast to WT, when CSM2 or PSY3 are deleted, we 
observe fewer cells with a Rad55 focus at all time points 
either before or after IR with no >3.7% of these mutants 
exhibiting a Rad55 focus (Figure 3B and C). Therefore, 
our data suggest that Csm2 and Psy3 are needed for effi- 
cient recruitment of Rad55 to DNA damage sites caused 
by IR. 

Unlike rad55A, the cold sensitivity of csm2A cells 
exposed to MMS is not suppressed by overexpression 
of Rad55-Rad57 or Rad51 

Previously it was reported that the cold sensitivity of 
rad55A cells exposed to IR could be suppressed by 
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Figure 3. Csm2 is in the same epistasis group as Rad55 and regulates 
Rad55 recruitment to DNA damage sites. (A) WT, csmlA, radSSA and 
rad55A csmlA cells were 5-fold serially diluted onto yeast peptone 
dextrose (YPD) medium or YPD medium containing 0.006% MMS 
or exposed to 70 Gy IR and incubated at 23°C or 30°C for 2 days. 
(B) and (C) YFP-Rad55 expressing strains were analysed for the 
percentage of cells with a nuclear Rad55 focus before (untreated) or 
20, 60, 120, and 240 min after IR (40 Gy). In part (B) images of Rad55 
are shown, and a fluorescent Rad55 focus is indicated with a white 
arrowhead. Each experiment was done in triplicate with 300-500 cells 
analysed with standard errors plotted. 



overexpressing Rad55, Rad55-Rad57 together or Rad51 
using a centromere (CEN) or 2-u plasmid (15,35,36). 
Therefore, we asked whether the slow growth of csm2A 
cells exposed to MMS would similarly be suppressed by 
Rad55-Rad57 or Rad51 overexpression. Akin to what 
was previously observed with IR, the cold sensitivity of 
rad55A cells exposed to MMS could be partially sup- 
pressed by expressing Rad55-Rad57 or Rad51 from a 
CEN plasmid (Figure 4). In contrast, the slow growth 
of csm2A on MMS exposure was not suppressed by 
either Rad55-Rad57 co-expression or Rad51 at 23°C 
(Figure 4). Therefore, it is possible that Csm2 and 
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Figure 4. Overexpression of Rad55-Rad57 or Rad51 does not suppress 
the MMS sensitivity of csmlA cells at 23°C. WT, csm2A and rad55A 
cells were either co-transformed with a Rad55 and Rad57 plasmid, a 
Rad51 plasmid or their respective empty vectors. Cells were grown to 
early log phase in minimal medium with selection for the plasmids and 
then 5-fold serially diluted onto YPD or YPD with 0.006% MMS. 
After 3 or 4 days of growth at 23°C, the plates were photographed. 



Rad55 have different roles with respect to their function 
during repair of MMS-induced lesions. Alternatively, 
greater expression levels of Rad51 might be needed to 
observe suppression of this phenotype. 

The Shu complex promotes Rad51-dependent 
recombination events 

Previously, we hypothesized that the Shu complex 
promotes Rad51 filament formation, as fewer spontan- 
eous Rad51 fluorescent foci are observed when the Shu 
complex is disrupted in yeast or mammalian cells (1,20). 
As Rad51 filaments are essential for HR, we asked 
whether disruption of the Shu complex might alter 
repair pathway choice if Rad51 filament formation is 
limited. To address this question, we used a heteroallelic 
recombination assay that can distinguish between direct 
repeat recombination mediated by sister chromatid GC (a 
Rad51 -mediated event) and intrachromosomal SSA (a 
Rad51 -independent event) (Figure 5A). In this assay, a 
recombination event can generate a functional LEU2 
allele between two leu2 heteroalleles. The intervening 
URA3 marker between the leu2 alleles enables us to dif- 
ferentiate between sister chromatid GC (Leu+ Ura+) and 
SSA (Leu+ Ura— ) recombinants (Figure 5A). Using this 
assay, WT PSY3 cells exhibit similar rates of GC and SSA 
(Figure 5B). In contrast, disruption of PSY3 or CSM2 
results in significantly more SSA events (P<0.05 and 
P < 0.01, respectively) where GC events are modestly, 
but significantly, reduced (i 5 < 0.001) (Figure 5B). As 
more SSA recombinants are observed with PSY3 or 
CSM2 disruption, these results are consistent with the 
model where inhibiting the Shu complex shifts the repair 
of spontaneous DSBs towards a Rad51 -independent 
repair process. Alternatively, the Shu complex may 
suppress SSA. 
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A Direct Repeat Recombination Assay 
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Figure 5. Disruption of CSM2 or PSY3 leads to more Rad51- 
independent recombination events. (A) Strains harbouring a direct 
repeat recombination assay (/<?«2-AEcoRI.\[/-R^J.\7<?«2-ABstEII) were 
used to simultaneously measure rates of direct repeat recombination by 
GC or intrachromosomal SSA that result in a LEU2+ allele. 
Generation of a functional LEU2 gene can occur either through a 
GC event in which the other Ieu2 allele is used as a template for 
repair (Rad51 -dependent, left side of diagram) resulting in Leu+ 
Ura+ colonies. Alternatively, repair can also occur by SSA where the 
intervening regions are resected until a region of homology is exposed 
and re-ligated (Rad51 -independent, right side of diagram) resulting in 
Leu+ Ura— colonies. (B) The rates of GC and single-strand annealing 
events in psy3A, csm2A, rad55A or rad55A csm2A strains were 
compared with control cells (PSY3 or RAD55 CSM2) where equal 
rates of GC and SSA events are observed. The dashed line indicates 
that these strains were analysed independently. 



As Rad55 interacts with Csm2 and functions in the 
same epistasis group in response to DNA damage, we 
further assessed whether disrupting Rad55 would have a 
similar effect on recombination rates using this assay. We 
assayed csm2A and rad55A single mutants and compared 
their recombination rates with the double rad55A csmlA 
mutant or RAD55 CSM2 cells (Figure 5B). As expected, 
disruption of RAD55 resulted in few detectable GC events 
(recombination rate <6.7 x 10~ 7 ), and SSA rates were 
increased to a level similar to a csm2A single mutant 
(Figure 5B). These results show that Rad55 has a more 
prominent role in mediating GC when compared with dis- 
ruption of either PSY3 or CSM2. Furthermore, the 



increased SSA events observed in either rad55A or 
csm2A single or double mutants were similar, again 
suggesting that Rad55 and Csm2 are epistatic. 



DISCUSSION 

After a DSB occurs, cells can commit to multiple repair 
pathways to fix the lesion. An important complex in 
committing the cell to error-free DNA repair is the Shu 
complex. Recently, the crystal structures of two compo- 
nents of the Shu complex, Csm2 and Psy3, have been 
solved (21,22). These proteins bind DNA and are struc- 
tural paralogues of Rad51. With this in mind, we 
examined the preferred binding substrates of purified 
Csm2-Psy3 heterodimer and find that these proteins pref- 
erentially bind to forked DNA and, to a lesser extent, 
3'-overhang DNA substrates (Figure 1 and Supple- 
mentary Figure SI). The sigmoid nature of the protein 
saturation curve of the fluorescein-labelled fork suggests 
some co-operativity between the Csm2-Psy3 heterodimer, 
or that dimerization of the heterodimer complex is neces- 
sary before DNA binding (Figure IB). Interestingly, the 
apparent K d of Csm2-Psy3 for the forked substrate, 
360.8 nM, falls within the predicted concentration of 
237-472 nM for the Shu complex in the yeast nucleus 
(37,38). Importantly, the forked DNA and 3'-overhang 
structures are used by the HR pathway and are coated 
by Rad51 nucleoprotein filaments to perform the essential 
homology search and strand invasion HR steps. 
Consistent with our findings, the human 
RAD51B,RAD51C, RAD51D, XRCC2 complex 
(BCDX2) complex, which contains RAD51 paralogues, 
also preferentially bind branched DNA (39). As Csm2 
and Psy3 exhibit structural similarity to Rad51, we 
examined whether they interact with Rad51 or the other 
known Rad51 paralogues in yeast, Rad55-Rad57. 
Importantly, by yeast two-hybrid, we detected an inter- 
action between Csm2 and Rad51 that is dependent on 
Rad55 as well as an interaction between Csm2 and 
Rad55-Rad57 that is independent of Rad51 (Figure 2). 
Subsequently, we found that Csm2 is epistatic to Rad55, 
suggesting that they function in the same pathway 
(Figure 3). Importantly, by fluorescent microscopy, we 
find that Csm2 and Psy3 are necessary for Rad55 recruit- 
ment to DSB sites induced by ionizing radiation 
(Figure 3). Finally, we discovered, using recombination 
assays, that both Csm2 and Psy3 are important in 
Rad51 -mediated repair at the expense of error-prone 
DNA repair mechanisms, such as SSA (Figure 5). 
Together our results and previous results from the litera- 
ture (20-22) suggest a working model where the Shu 
complex, which consists of Rad51 paralogues, is likely 
recruited to HR substrates through its DNA-binding 
activity where it can interact with Rad51 through 
Rad55-Rad57 to mediate Rad51 filament formation and 
commitment to error-free DNA repair (Figure 6). 

One of the key steps in HR is the formation of Rad51 
filaments. Importantly, there are proteins that mediate 
Rad51 filament formation, such as Rad52, and its epistasis 
group of proteins, including the Rad51 paralogues, 
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Figure 6. Hypothetical working model of the role of the Shu complex 
during error-free HR. After a dsDNA break occurs, Csm2-Psy3 
heterodimer recruits the Shu complex to the break site, which can 
either be at a replication fork or at a 3'-DNA overhang. At the 
break site, the Shu complex could promote Rad51 filament formation 
and stabilization (i) by interacting with Rad51 through Rad55-Rad57 
and/or (ii) by inhibiting Srs2 recruitment to DSB sites. Stabilization of 
Rad51 filaments promotes DSB repair by an error-free HR pathway 
while inhibiting other error-prone DNA repair mechanisms, such as 
SSA. 



Rad55-Rad57 (10,13,34,40-42). How do the Rad51 
paralogues promote Rad51 nucleofllament formation? 
Both Rad55 and Rad57 are RecA-like proteins with struc- 
tural similarity to Rad51 (11,12) and are needed for 
Rad51 -mediated recombination events (13). As disruption 
of either RAD 5 5 or RAD 57 leads to slower and reduced 
recruitment of Rad51 to DSB sites and dimmer Rad51 
foci (43^15), it has been proposed that Rad55-Rad57 
nucleate Rad51 filaments where they stabilize Rad51 on 
the ssDNA end leading to longer Rad51 filament tracks 
(13,46). In support of this model, the IR sensitivity of 
rad55A or rad57A can be suppressed by overexpressing 
Rad51 (15,35,36). Furthermore, the cold sensitivity of 
rad55A and rad57A suggests that they are important for 
stabilization of larger complexes, such as the Rad51 
pre-synaptic filament (33,34). 

There are several lines of evidence that suggest that the 
Shu complex also consists of Rad51 paralogues. First, like 
the other Rad51 paralogues, the structure of Csm2 and 
Psy3 shows similarity to Rad51 (21,22). Second, similar to 
Rad55 and Rad57, the Shu genes are also needed for 
Rad51 recruitment to DNA damage sites in both yeast 
and human cells (1,3,20). Additionally, Csm2 interacts 
with Rad51 through the other Rad51 paralogues 
(Figure 2), and its disruption leads to decreases in 
Rad51 -mediated DNA repair processes (Figure 5). 
Finally, Csm2 is in the same epistasis group as Rad55 in 
response to DNA damaging agents MMS and IR 
(Figure 3A). Together, we provide further genetic 
evidence that the Shu complex consists of Rad51 
paralogues that is consistent with the structural 
homology observed by She et al. and Tao et al. (21,22). 



In addition to the Rad51 paralogues stabilizing Rad51 
on the DNA, there are also factors that mediate Rad51 
filament disassembly, such as the DNA helicase Srs2. 
ATP-bound Rad51 frequently binds ssDNA, although 
with limited extension. In contrast, adenosine di- 
phosphate (ADP)-bound Rad51 can be readily 
disassociated from DNA (5,46,47). Srs2 promotes ATP 
hydrolysis of DNA bound Rad51 and then subsequently 
uses its helicase activity to translocate along the DNA 
filament where it can interact with the next available 
Rad51-ATP substrate (48-50). In humans, there are 
multiple proteins that have overlapping functions to 
Srs2, such as RECQL5, PARI, and RTEL (51-54). 
Recently, the Rad51 paralogues Rad55-Rad57 have been 
shown to physically interact with Srs2 in a 1:1 ratio (14). 
Further biochemical analysis has revealed that Rad55- 
Rad57 has an additional function in mediating Rad51 
filament formation through its interaction with Srs2, 
where it inhibits Srs2 translocation activity and thus 
prevents removal of Rad51 from ssDNA substrates (14). 

The Shu complex also has a role in regulating Srs2. 
Shu2 physically interacts with Srs2 in both budding and 
fission yeast (1,55). Disruption of either SHU1 or SHU2 
results in more fluorescently tagged Srs2 recruited into 
spontaneous DNA repair foci and increased recruitment 
of Srs2 to inducible DSB sites (20). As we observe fewer 
Rad55 foci in the absence of CSM2 or PSY3 (Figure 3B 
and C), one explanation could be that disruption of 
the Shu complex leads to an increase in Srs2 recruitment 
to the DSB site where Srs2 may be removing Rad51 
and Rad55-Rad57 resulting in fewer foci observed. 
Therefore, it is possible that the interaction between 
Rad51 paralogues in promoting Rad51 filament 
assembly by inhibiting Srs2 may be a shared function. 
However, it remains unknown whether the Shu complex 
is incorporated into the Rad51 filament like the other 
paralogues. 

One puzzling observation made here is that Csm2 and 
Psy3 both promote Rad55 focus formation after IR but 
are not IR sensitive when disrupted (Figure 3). This is 
consistent with a reduction in Rad51 foci observed in 
shulA cells (20). Although fewer Rad55 foci are 
observed, perhaps enough Rad55 is recruited to these 
lesions to enable cell viability after IR treatment in the 
absence of PSY3 or CSM2. Alternatively, there may be 
a delay in the kinetics of Rad55 focus assembly at DNA 
repair sites that would not result in a growth defect in IR 
exposed csm2A cells. 

How are the roles of the Shu complex different from 
Rad55-Rad57 during HR? Previously, we proposed a 
model where the function of the Shu complex was to 
inhibit Srs2 recruitment to DNA repair sites, thus 
promoting error-free Rad51 -mediated recombination. 
We find that disruption of either RAD55 or RAD57 
leads to a more pronounced defect in HR and increased 
sensitivity to a broader range of DNA damaging agents. 
Furthermore, unlike Rad55-Rad57, the Shu genes likely 
have a more specialized function with respect to HR, 
perhaps a more dominant role at the replication fork or 
in response to specific types of DNA lesions. Consistent 
with this idea, the Shu complex was shown to have a role 
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in post-replicative repair and to influence use of error-free 
DNA polymerases in response to MMS-induced lesions 
(2,31). Furthermore, disruption of the Shu complex 
members leads to sensitivity to MMS specifically but not 
other DNA damaging agents (i.e. IR, UV, HU and so 
forth) (1,2,19,31). Unlike the other Rad51 paralogues, 
csm2A cold sensitivity on exposure to MMS is not sup- 
pressed by Rad51 overexpression (Figure 4). These results 
may explain why csm2A or psy3A cells do not have a more 
dramatic effect on GC rates like those observed in rad55A 
cells. It is also possible that the Shu complex may suppress 
other repair mechanisms, such as SSA. Regardless, the 
interaction between the Shu complex and the other key 
players in mediating HR (such as Rad51, Rad55, Rad57 
and Srs2) underscores the importance of understanding 
the unique roles these proteins play during Rad51 
filament formation. 
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